
1 

A theoretical and experimental investigation of cutting forces and spring back 

behaviour of Ti6Al4V alloy in ultraprecision machining of microgrooves 

Zejia Zhaoa, Suet Toa,*, Zhiwei Zhub,**, Tengfei Yina 

a State Key Laboratory of Ultra-precision Machining Technology, Department of 

Industrial and Systems Engineering, The Hong Kong Polytechnic University, Hung 

Hom, Kowloon, Hong Kong SAR, China 

b School of Mechanical Engineering, Nanjing University of Science and Technology, 

Nanjing, J.S, 210094, China 

* Corresponding author.

** Corresponding author. 

E-mail address: sandy.to@polyu.edu.hk (S. To).

zw.zhu@njust.edu.cn (ZW. Zhu). 

© 2019. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/

https://doi.org/10.1016/j.ijmecsci.2019.105315 This is the Pre-Published Version.



2 
 

A theoretical and experimental investigation of cutting forces and spring back 

behaviour of Ti6Al4V alloy in ultraprecision machining of microgrooves 

 

Abstract  

Studying the material deformation is one of important research foundations in the 

machining process. In present work, material deformation and spring back behaviour 

of Ti6Al4V alloy were investigated in ultraprecision machining of seven 

microgrooves with gradually increased depth of cut to 5 μm. Material constitutive 

models and geometrical relationships are developed to estimate the temperature 

evolution, cutting forces, internals force/stress distribution and the spring back 

variation. The results show that no phase transformation from α to β phase occurs 

during micro groove machining according to the estimated temperature and 

experimentally observed microstructures. The calculated cutting forces are in good 

agreement with the experimental results at various cutting speeds within an error of 

about 3.53%. Though the increased temperature with the cutting speeds gives rise to 

low thermal and athermal stresses, the equivalent stress required to overcome the 

plastic flow of the Ti6Al4V workpiece increases with the speeds due to the high 

dislocation drag stress. In addition, more than 45% of the thrust force is derived from 

the spring back force, so the thrust force is significantly affected by the spring back in 

the machining of Ti6Al4V alloys. The theoretical analysis and experimental results 

provide potential benefits in predicting the cutting forces and controlling the spring 

back during machining of Ti6Al4V alloys. 

Keywords: Ti6Al4V alloy; Microgrooves; Temperature evolution; Cutting forces; 

Stresses; Spring back 
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Nomenclature 

Fc  Cutting force (N)                  Ft  Thrust force (N)   

Fn  Normal force exerted on the tool (N)  Fn  Internal shear deformation force (N) 

Fs  Spring back force (N) 

f1, f2   Frictional force of the tool-chip and tool-workpiece (N) 

μ1, μ2  Frictional coefficients of the tool-chip and tool-workpiece 

ψ   Equivalent contact angle (°)       θ  Clearance angle of the diamond tool (°) 

α0  Rake angle of the diamond tool (°)  φ   Shear angle (°) 

lc  Contact length of between the tool and chip (μm) 

rβ  Edge radius (μm)                ap   DoC (μm)    

at  Thickness of the chip (μm)        σe  Equivalent internal stress (MPa)     

σi   Internal stress (MPa)            σth, σath  Thermal and athermal stress (MPa) 

σd  Dislocation drag stress (MPa)      σ0  Initial stress (MPa) 

R   Gas constant (J·mol-1·K-1)        Tj   Temperature of the jth chips (K) 

∆G  Activation energy (kJ·mol-1)      𝜀   Shear strain  

𝜀0̇, 𝜀̇  Reference strain rate and strain rate (s-1) 

q, p   Material constants 

hi  Average height of the chip segment at the ith groove (μm)   

ri   Radius of the ith groove (μm)       wi  Segment width at the ith groove (μm) 

wc  Width of cutting chips (μm)        rd  Corner radius (μm) 

vs   Spindle speed (r·s-1) 

αg, αρ  Constants relating to grain boundaries and dislocation forests 
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μ   Shear modulus (GPa)             b   Burgers vector (m) 

D  Average grain size of the workpiece (μm) 

ρ   Dislocation density (m-2)          αd  Dislocation drag coefficient (kPa·s) 

fα, fβ  Volume fractions of the α and β phase 

Tβ  β phase transformation temperature (K) 

Q  Total energy (J)                 Qi  Absorbed energy of the deformation (J) 

Qt  Energy loss between the workpiece and air (J) 

Qr  Thermal radiation energy loss (J) 

Qw  Energy transferring to the diamond tool (J) 

Qb  Energy conduction to the workpiece (J) 

n   Number of chip segments within the contact region 

c   Specific heat of the workpiece (J·kg-1·K-1) 

mi  One segment mass of the serrated chip of the ith groove (kg) 

αa, αc  Heat transfer coefficient of the workpiece-air and the chip-tool (W·m-2·K-1) 

Cσ  Stefan-Boltzmann constant (W·m-2·K-4) 

k   Thermal conductivity (W·m-1·K-1)           E   Young's modulus (GPa) 

E0   Young's modulus at temperature 0 K (GPa)   εs   Elastic strain 
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1. Introduction 

Ti6Al4V alloy has been attracted great attention in astronautic, automobile and 

biomedical industries due to its high strength to weight ratio and superior corrosion 

resistance. The alloy is composed of a large amount of α phase with hexagonal closest 

packing (HCP) crystalline structure and a small amount of β phase with body-centred 

cubic (BCC) crystalline structure at room temperature[1], so the deformation of the 

Ti6Al4V alloy is primarily determined by the HCP α phase in the deformation process 

at relatively low temperature. Since the volume fraction of β phase would be 

gradually increased with the temperature, the effects of β phase on the deformation of 

Ti6Al4V alloy should also be considered in the machining process. In comparison to 

the α phase, the β phase is prone to be deformed in the processing of the two-phase 

Ti6Al4V alloy. However, the Ti6Al4V alloy is regarded as one of difficult to cut 

materials in machining due to the rapid tool deterioration and high vibration induced 

by the favourable chemical reaction between tool and workpiece, low thermal 

conductivity and inferior elastic modulus.  

As the material recovery is highly depended on the elastic modulus in the 

deformation process, the low modulus could introduce significant spring back after 

deforming of Ti6Al4V alloy, which affects the desired precision of the workpiece. 

Since the spring back of materials greatly influences the forming accuracy of the 

workpiece, understanding the spring back behaviour is important in processing 

materials. The degree of spring back is significantly affected by many factors, such as 

the elastic modulus [2], the ratio between grain size and workpiece thickness [3] and 
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the deformation rate [4]. The elastic modulus is an important parameter to determine 

the elastic deformation of materials. Generally, the recovery of alloy with high 

modulus of elasticity is smaller than that with low modulus at the same loading 

condition according to the Hooke's law [5], so the material recovery varies with the 

elastic modulus. Liu et al. [6] and Xu et al. [7] reported that the increase in workpiece 

thickness or decrease in grain size could contribute to a small material spring back 

during sheet forming. Jiang et al. [4] pointed out that an increase in deformation by 

altering bending angles could increase the degree of spring back in numerically 

controlled bending of titanium alloy. Not only spring back occurs in sheet bending 

with obvious deformation, but also happens in the cutting process. Firstly, the spring 

back of the alloy might also lead to the workpiece being moved partially away from 

the cutting tool, which increases the risks of deflection, vibration, and chatter during 

machining [8]. Furthermore, the cutting and thrust forces are affected by the spring 

back behaviour during turning [9], milling [10, 11] and fly-cutting [12, 13]. The 

inevitable spring back of workpiece could generally give rise to an enhancement of 

cutting forces. In addition, the material recovery could reduce tool marks, which 

contributes to small surface roughness values in single point diamond turning of 

ductile materials [14-16].  

Prediction of cutting force evolution has been attracted great attention for many 

years, and the most famous one is the Merchant's force model in orthogonal cutting 

[17], but the effects of material spring back and cutting tool edge radius are not 

considered in this model. Arcona and Dow [18] proposed an empirical force model 
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considering the influence of material elastic deformation and verified their model by 

diamond turning of four types of metals. Similarly, Zhang et al. [19] reported a force 

model which considers the tool-workpiece contact area induced by the spring back in 

vibration-assisted machining. Jun et al. [20] also presented the material spring back in 

micro-end milling based on the slip-line field cutting force model. The cutting tool 

edge radius is another important factor to affect the cutting force, especially in 

ultraprecision machining with small depth of cut (DoC). The effective rake angle 

tends to be more negative as the depths of cut reach to be comparable to the edge 

radius [21]. It is generally accepted that materials would be removed by shear 

deformation if the DoC is larger than the critical chip thickness that is affected by the 

edge radius, while ploughing instead of cutting would occur if the depth is smaller 

than the critical chip thickness [22, 23]. Fang [24] predicted the cutting and ploughing 

forces with respect to the effect of tool edge roundness in machining with a round 

edge tool. Jin et al. [25] analyzed the stress distribution in the material deformation 

zone induced by the tool edge radius using the slip-line field model and verified by 

the cutting forces in micro-turning experiments. Zhu et al [26] and Sun et al [27] 

proposed an equivalent contact angle induced by the round cutting edge of the 

diamond tool to successfully predict the dynamic cutting force evolution in turning of 

the micro-structured surface. Therefore, the effects of spring back and round cutting 

edge should not be neglected when analyzing the cutting forces in machining metal 

and alloys.  

This study aims to investigate the cutting force evolution with respect to the 
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material spring back, frictions induced by tool-chip and tool-workpiece, and the round 

tool edge effect in the machining of Ti6Al4V alloys. The calculated cutting forces are 

verified by the measured forces in cutting seven microgrooves. Besides, as the spring 

back is highly affected by the deformation rate with varies with the machining 

conditions, the amount of spring back of the alloy is also investigated at various 

depths of cut and speeds.    

2. Experimental procedures 

Ti6Al4V alloys with a diameter of about 16 mm were utilized for microstructural 

analysis and microgrooves cutting. The alloy was firstly cut into six samples with a 

length of about 18 mm by the wire electrical discharge machine, and then all samples 

were mechanically ground and polished to a relatively flat surface on a series of 

silicon carbide (SiC) papers and one polishing cloth dispersed by SiC particles with 

an average size of about 0.5 µm. Half of the samples were chemically etched in a 

solution with HF: HNO3: H2O = 1: 3: 5 for microstructure observation and the others 

were used for cutting microgrooves. 

The rough machining and microgroove cutting were both conducted on a 4-axis 

ultra-precision machine Moore Nanotech 350FG, as shown in Fig. 1(a). The 

workpiece Ti6Al4V was fixed on a fixture which is sucked on the vacuum chuck of 

the machine. A new diamond tool with a corner radius of 1.112 mm, a rake angle of 0°, 

a front clearance angle of 12.5° and an edge radius of 0.25 μm was applied for the 

groove cutting. A Kistler 9256C1 force sensor was installed below the tool holder to 

monitor the cutting and thrust forces. The workpiece was firstly machined by another 
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diamond tool (corner radius of 1.0002 mm, rake angle of 0° and front clearance angle 

of 12.5°) to achieve a flat surface, and then finish cutting with a spindle speed of 1000 

rpm, DoC of 3 µm and feed of 4 μm/r was carried out twice to further ensure the 

surface being flat. Finally, seven microgrooves with gradually increased DoC to 5 µm 

were respectively fabricated at radii of 7 mm, 6 mm, 5 mm, 4 mm, 3 mm, 2 mm and 1 

mm of the workpiece with a spindle speed of 600 rpm, and the corresponding cutting 

speeds vc are 439.8 mm/s, 377.0 mm/s, 314.2 mm/s, 251.3 mm/s, 188.5 mm/s, 125.7 

mm/s and 62.8 mm/s. Fig. 1 (b) schematically illustrates the set-up of finish 

machining and groove cutting. Three times of the cutting experiment were conducted 

to ensure reliability. 

 

Fig. 1 Ultraprecision machining set-up of (a) a physical image of the Moore Nanotech 

350FG and (b) a schematic diagram  

A DFC 450 optical microscope (LEICA) was used for microstructure observation. 

A scanning electron microscope (SEM, Tescan VEGA3) was utilized to detect the 

electronic morphologies of microgrooves, microstructures and cutting chips. The 

surface topographies and groove profiles were obtained by a Nexview 

(b)

Aluminum fixture 

Diamond tool

Force sensor

Metal supporter

Vacuum chuck

Ti6Al4V 
workpiece

(a)
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three-dimension (3D) optical surface profiler (Zygo). 

3. Theoretical models 

Fig. 2 (a)-(c) schematically show the forces distribution in the diamond cutting 

process. An equivalent coordinate system (xe-ye) is established to illustrate the 

frictional force f1 and the normal force Fn exerted on the tool with consideration of 

diamond tool edge radius rβ and equivalent contact length lc between the tool and 

cutting chip [26]. An equivalent contact angle ψ is used to illustrate the inclined angle 

of ye axis from the vertical direction. By considering spring back force Fs, frictional 

forces f1 between the tool rake face and chip, and f2 between the tool flank face and 

workpiece, the cutting force Fc and thrust force Ft could be expressed to be: 

{
𝐹𝑐 = 𝐹𝑛𝑐𝑜𝑠𝜓 − 𝑓

1
𝑠𝑖𝑛𝜓 + 𝑓

2
𝑐𝑜𝑠𝜃

𝐹𝑡 = 𝐹𝑛𝑠𝑖𝑛𝜓 + 𝑓
1
𝑐𝑜𝑠𝜓 + 𝑓

2
𝑠𝑖𝑛𝜃 + 𝐹𝑠  

                                     

(1) 

where θ is the clearance angle of the cutter. The equivalent contact angle ψ is given by 

Ref.[26]. 

𝜓 = {
arccos (

𝑙𝑐

2𝑟𝛽
) ,                       𝑙𝑐 ≤ 𝑙𝑒  

arcsin [
𝑟𝛽(1+𝑡𝑎𝑛𝛼0)𝑐𝑜𝑠𝛼0

𝑙𝑐
],            𝑙𝑐 > 𝑙𝑒  

                             (2)   

𝑙𝑒 =
√2𝑟𝛽𝑐𝑜𝑠𝛼0

√1−𝑠𝑖𝑛𝛼0
                                                        

(3) 

where α0 is rake angle of the diamond tool. According to the slip-line field based 

model, the contact length lc could be evaluated as follows[28],  

𝑙𝑐 =
2𝑎𝑝𝑐𝑜𝑠(𝛼0−𝜑)

𝑠𝑖𝑛𝜑
                                                     

(4) 
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where ap is the DoC and φ is the shear angle between shear direction and cutting 

speed direction. The shear angle is estimated to be: 

𝜑 = arctan 

𝑎𝑡
𝑎𝑝

𝑐𝑜𝑠𝛼0

1−
𝑎𝑡
𝑎𝑝

𝑠𝑖𝑛𝛼0
                                                  

(5) 

where at is the thickness of the chips. Shear deformation of the workpiece in the 

primary cutting zone is induced by the force Fn exerted on the workpiece, and the Fn 

could be obtained by the following equation according to the geometrical relationship 

shown in Fig. 2 (c).  

𝐹𝑛 =
𝐹𝑖+𝑓1sin (𝜑+𝜓)

cos (𝜑+𝜓)
                                                   (6) 

where Fi is the internal force required to overcome plastic deformation of the 

workpiece, and φ is the shear angle between shear direction and cutting speed 

direction. The frictional forces f1 and f2 are proportional to the normal force and thrust 

force, respectively.  

𝑓1 = 𝜇1𝐹𝑛, 𝑓2 = 𝜇2𝐹𝑡                                                 (7)  

where 𝜇1 and 𝜇2 are the friction coefficients between tool-chip and tool-workpiece, 

respectively. A moderate value of 0.4 is adopted for the two friction coefficients based 

on [29]. Consequently, the spring back force Fs could be deduced from Eqs. (1) and 

(7), as follows: 

𝐹𝑠 = (1 − 𝜇2𝑠𝑖𝑛𝜃)𝐹𝑡 − (𝑠𝑖𝑛𝜓 − 𝜇1𝑐𝑜𝑠𝜓)𝐹𝑛                               (8) 

The internal force Fi contributing to the shear deformation is given by: 

𝐹𝑖 = 𝜎𝑒𝐴𝑖 =
𝜎𝑒𝑤𝑐a𝑝

𝑠𝑖𝑛𝜑
                                                   (9) 

where 𝜎𝑒 is the equivalent internal stress required to conquer the plastic flow of the 
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workpiece in the deformation zone, 𝐴𝑖 is the area of the shear deformation plane, 𝑤𝑐 

is the width of cutting chips. Based on the von Mises criterion, the equivalent internal 

stress is defined as: 

𝜎𝑒 =
𝜎𝑖

√3
                                                           (10)  

where 𝜎𝑖 is the internal stress, which is a sum stress of thermal stress 𝜎𝑡ℎ, athermal 

stress 𝜎𝑎𝑡ℎ and dislocation drag stress 𝜎𝑑 at high stress rates, which is expressed by 

[30]: 

𝜎𝑖 = 𝜎𝑡ℎ + 𝜎𝑎𝑡ℎ + 𝜎𝑑                                                 

(11) 

and the thermal stress is evaluated by the Kocks-Mecking model [31, 32]: 

𝜎𝑡ℎ = 𝜎0[1 − (
𝑅𝑇1

∆𝐺
𝑙𝑛

𝜀̇0

𝜀̇
)

1

𝑞
]

1

𝑝                                            

(12) 

where 𝜎0 is the initial stress, R is the gas constant, T1 is the temperature at the 

primary deformation zone, ∆𝐺 is the activation energy for deformation, 𝜀0̇ is the 

reference strain rate, 𝜀̇ is the strain rate during deformation, q and p are material 

constants. The strain rate is expressed to be: 

𝜀̇ =
𝜀

𝑡
                                                              

(13) 

where ε and t are the shear strain in the primary deformation zone and time 

consumed during deformation, which are estimated by [33]: 

𝜀 =
𝑐𝑜𝑠𝛼0

2𝑠𝑖𝑛𝜑cos (𝜑−𝛼0)
                                                   

(14) 
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𝑡 =
ℎ𝑖

2𝜋𝑟𝑖𝑣𝑠
                                                          (15) 

where ℎ𝑖 is the average height of the chip segment, 𝑟𝑖 is the radius at ith groove and 

vs is the spindle speed.The athermal stress induced by the grain boundaries (𝜎𝑔) and 

dislocations (𝜎𝑔) is given by [30]: 

𝜎𝑎𝑡ℎ =
𝛼𝑔𝜇√𝑏

√𝐷
+ 𝛼𝜌𝜇𝑏√𝜌                                              

(16) 

where 𝛼𝑔 and 𝛼𝜌 are constants relating to grain boundaries and dislocation forests, 

D is the average grain size of the workpiece, and 𝜌 is the dislocation density. Values 

of the Burgers vector b are 2.95×10-10 m and 2.86×10-10 for α phase and β phase, 

respectively. The shear modulus 𝜇 is a function of temperature: 

𝜇 = 48.66 − 0.032223𝑇1                                             

(17) 

At high strain rate (>103 s-1) in metal cutting, the dislocation drag stress 𝜎𝑑 

could also be one of the internal stresses, as follows [30]: 

 𝜎𝑑 = 𝛼𝑑𝜀̇                                                         (18) 

where 𝛼𝑑 is the dislocation drag coefficient (αd = 4.5 kPa·s). 

For the Ti6Al4V alloy, the deformation is affected by both α and β phase, so the 

total required internal stress is [34]: 

𝜎𝑖 = 𝑓𝛼𝜎𝑖,𝛼 + 𝑓𝛽𝜎𝑖,𝛽 + 𝜎𝑑                                             (19) 

where 𝑓𝛼 and 𝑓𝛽 are volume fractions of α and β phase, respectively. The sum of 𝑓𝛼 

and 𝑓𝛽 is 1. The content of α phase reduces with temperature, which is given by [35]: 

{
𝑓𝛼 = 0.82{1 − exp[0.012(𝑇1 − 𝑇𝛽)]}       𝑇 ≤ 𝑇𝛽

𝑓𝛼 = 0                                𝑇 ≥ 𝑇𝛽
                          (20)   



14 
 

where 𝑇𝛽 = 1268 K, which is the β phase transformation temperature. The internal 

stresses 𝜎𝑖,𝛼 and 𝜎𝑖,𝛽 induced by the α phase and β phase, respectively, could be 

estimated by the corresponding thermal and athermal stresses, while only thermal 

stress is considered for the β phase at the temperature above 𝑇𝛽 due to the intense 

recovery at high temperature. 

The width of serrated cutting chips could be calculated by the following equation 

according to the geometry relationship of the diamond tool.  

𝑤𝑐 = 2√𝑟𝑑
2 − (𝑟𝑑 − 𝑎𝑝)2 = 2√2𝑟𝑑𝑎𝑝 − 𝑎𝑝

2                               

(21) 

From Eqs. (9)-(11), (19) and (21), the internal force Fi can be expressed by: 

𝐹𝑖 =
2𝑎𝑝√𝑟𝑑

2−(𝑟𝑑−𝑎𝑝)2

√3𝑠𝑖𝑛𝜑
[𝑓𝛼(𝜎𝑖,𝛼

𝑡ℎ + 𝜎𝑖,𝛼
𝑎𝑡ℎ) + (1 − 𝑓𝛼)(𝜎𝑖,𝛽

𝑡ℎ + 𝜎𝑖,𝛽
𝑎𝑡ℎ) + 𝜎𝑑]          

(22) 

 

 

Fig. 2 Schematics of material removal in the ultra-precision groove cutting, (a) 
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serrated chip formation and force distribution in (b) diamond tool and (c) workpiece 

According to the energy conservation law, the total energy 𝑄 generated in the 

shear deformation zone of the workpiece is induced by the work from the force of Fd 

and f1, giving: 

𝑄 = 𝑄𝑖 + 𝑄𝑡 + 𝑄𝑟 + 𝑄𝑤 + 𝑄𝑏 = 𝑛(𝐹𝑛𝑐𝑜𝑠𝜓 − 𝑓1𝑠𝑖𝑛𝜓)ℎ𝑖 + (𝐹𝑛𝑠𝑖𝑛𝜓 + 𝑓1𝑐𝑜𝑠𝜓)𝑙𝑐cos𝜓  

(23) 

where 𝑄𝑖 is the absorbed energy in the deformation part, 𝑄𝑡 is the energy loss 

between workpiece and air, 𝑄𝑟  is the thermal radiation energy loss, 𝑄𝑤  is the 

energy transferring to the diamond cutting tool, 𝑄𝑏  is heat conduction to the 

workpiece, and 𝑤𝑖 is the average width of the chip segment. An approximate integer 

value n is the number of chip segments within the contact region between the tool and 

chip, which is evaluated by the contact length lc and average chip width 𝑤𝑖 at DoC 

of 5 μm (𝑛 = 𝑙𝑐 𝑤𝑖⁄ ).  

One chip segment is supposed to be an independent unit, which means that the 

temperature of one independent chip segment is the same. Besides, the heat transfer 

from two adjacent chip segments is not considered. Firstly, the absorbed energy 𝑄𝑖 

of chip segments could be evaluated by: 

𝑄𝑖 = ∑ 𝑐𝑚𝑖(𝑇𝑗 − 𝑇0)𝑛
𝑗=1                                               (24) 

where c is the specific heat of the workpiece (c=560 J·kg-1·K-1 [36]), mi is one 

segment mass of the serrated chips for the ith groove, T0 is the room temperature. The 

energy dissipating to the air is given by [37]: 

𝑄𝑡 = ∑ 𝛼𝑎𝐴1(𝑇𝑗 − 𝑇0)𝑡𝑗
𝑛
𝑗=1                                             
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(25) 

where 𝛼𝑎  is the heat transfer coefficient between workpiece and air, A1 is the 

segment area contacting with air, and t is the time that diamond tool passes through 

the jth chip segment. Furthermore, the energy loss induced by the thermal radiation 

could be estimated by the Stefan-Boltzmann Law [38]: 

𝑄𝑟 = ∑ 𝐶𝜎𝑇𝑗
4𝐴1𝑡𝑗

𝑛
𝑗=1                                                  

(26) 

where 𝐶𝜎 is the Stefan-Boltzmann constant (𝐶𝜎 = 5.67 × 10−8 W·m-2·K-4). Besides, 

the energy transition from chip segments to the diamond tool is evaluated by: 

𝑄𝑤 = ∑ 𝛼𝑐𝐴2(𝑇𝑗 − 𝑇0)𝑡𝑗
𝑛
𝑗=1                                            (27) 

where 𝛼𝑐 is the heat transfer coefficient between the chip segment and diamond 

cutting tool, and the value is about 2.3×105 W·m-2·°C-1 [39]. A2 is the contact area 

between one segment and the cutter. The heat conduction from the chip segment to 

the workpiece is evaluated to be [37]: 

𝑄𝑏 =
𝑛𝑘𝐴3(𝑇1−𝑇0)𝑡𝑐𝑜𝑠𝜑

𝑑𝑐
                                                 

(28) 

where k is the thermal conductivity of the workpiece and A3 is the contact area 

between the segment and workpiece. The temperature 𝑇𝑗 at the jth chip segment 

could be evaluated by the following expression: 

𝑐𝑚𝑖𝑇1 = 𝑐𝑚𝑖𝑇𝑗 + 𝛼𝑎𝐴1(𝑇𝑗 − 𝑇0)𝑡𝑗−1 + 𝐶𝜎𝑇𝑗
4𝑆𝑡𝑗−1 + 𝛼𝑐𝐴2(𝑇𝑗 − 𝑇0)𝑡𝑗−1   𝑗 ≥ 2  (29) 

A three-dimensional schematic diagram of serrated chips is shown in Fig. 3, 

which illustrates the features of Ti6Al4V cutting chips, including chip height ℎ𝑖 or 
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chip thickness, chip width 𝑤𝑐, segment width 𝑤𝑖, and the distance between two chip 

segments. From the geometrical relationship, the mass the one segment could be 

calculated by: 

𝑚𝑖 = 𝜌𝑚𝑉𝑖 =
𝜌𝑚𝑤𝑖ℎ𝑖𝑤𝑐

2
                                               (30) 

where 𝜌𝑚 and 𝑉𝑖 are workpiece density and one segment volume, respectively. The 

three contact areas are given to be: 

[
𝐴1

𝐴2

𝐴3

] = [

2𝑤𝑐ℎ𝑖

𝑐𝑜𝑠𝜑
+ 𝑤𝑖ℎ𝑖

𝑤𝑐𝑤𝑖
𝑤𝑐𝑎𝑝

𝑐𝑜𝑠𝜑

]                                                

(31) 

For the jth chip segment, the total time consumed is: 

𝑡𝑗 = 𝑗𝑡 =
𝑗ℎ𝑖

2𝜋𝑟𝑖𝑣𝑠
                                                     (32) 

Based on Eqs. (23) - (32), the temperature during shear deformation could be 

estimated in ultra-precision groove cutting process, and then the cutting force and 

material spring back force are obtained according to Eqs. (1) and (8), respectively. 
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Fig. 3 Serrated chip formation process in groove cutting, (a) a schematic diagram, (b) 

one segment of serrated chips, and (c) temperature evolution of the serrated chip 

within contact region between the tool and chip 

Fig. 4 (a) and (b) show the SEM morphology and schematic drawing of the 

diamond cutting tool with conical clearance, respectively. In ultra-precision groove 

cutting, a fraction of materials under the tool flank face would spring back after the 

tool passing through the deformation part, as shown in Fig. 4 (c). Blue dashed circles 

are derived from the measured groove surface profile after materials totally spring 

back. The workpiece has completely rebounded at point B, so no spring back force is 

exerted on the diamond cutting tool. In comparison, the pending spring back amount 

is highest at point A in the rake face of diamond tool, giving rise to the largest elastic 

recovery force. Therefore, the spring back force and elastic stress show gradient 

distribution in the flank face of the cutting tool.   

Fig. 4 (d) and (e) illustrate the spring back amount with gradient elastic stress 
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distribution at the rake and flank face of the diamond tool, respectively. As the 

material spring back shows symmetrical character along the plane of ABE, the 

component elastic stress would be counteracted in the y-direction. Hence, the 

component elastic strain in y-direction has no effect on the generation of spring back 

force. In other words, the spring back force is primarily induced by the component 

elastic stress in z-direction during groove cutting. Hence, the spring back force 

induced by material recovery could be expressed by: 

𝐹𝑠 = 𝐴𝑒𝜎𝑠 = 𝐴𝑒𝐸𝜀𝑠                                                  

(33) 

where Ae is the effective area perpendicular to the z-axis, E is the Young's modulus, 

𝜎𝑠 and 𝜀𝑠 are the average elastic stress and strain in the z-direction, respectively. 

According to the geometry relationship, the effective area is calculated as follows:  

𝐴𝑒 =
𝑤𝑐ℎ𝐵𝐹

2𝑡𝑎𝑛𝜃
                                                         

(34) 

where ℎ𝐵𝐹 is the height of BF in Fig. 4 (c), which is the difference between ideal 

cutting profile and measured outline after totally spring back of workpiece. Increase 

in the height difference could give rise to a high spring back force. The Young's 

modulus E is a temperature-dependent parameter, which is evaluated by [40]: 

𝐸 = 𝐸0{1 − [(
𝑇

𝑇𝑚
) ∗ 𝑒𝑥𝑝 [𝜃∗ (1 −

𝑇𝑚

𝑇
)]]}                                 (35) 

where E0, denote the Young's modulus at temperature 0 K, Tm is the melting 

temperature of Ti6Al4V workpiece, and 𝜃∗ represents the characteristic homologous 

temperature. 
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Fig. 4 The diamond cutting tool of the (a) SEM morphology and (b) brief schematic 

drawing; (c) geometry illustration of material spring back during groove and cutting; 

elastic stress distribution in (d) rake face and (e) flank face of the diamond tool 

4. Results and discussion 

4.1 Microstructures of Ti6Al4V alloys and microgrooves 

Fig. 5 illustrates the optical and electronic microstructure of the Ti6Al4V alloy 

with α and β phases at room temperature. The alloy is primarily composed of α phase 
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with an average grain size of about 3 μm, as shown by the white and dark sites in Fig. 

5 (a) and (b), respectively. Some β particles distribute between two neighbouring α 

phases. 

 

Fig. 5 Microstructures of Ti6Al4V alloys obtained from (a) optical microscope and (b) 

scanning electron microscope 

Seven microgrooves with gradually increased DoC to 5 µm at various radii with 

an interval of 1 mm are clearly observed in the 3D topography shown in Fig. 6 (a). 

The radii of the first and seventh grooves are 7 mm and 1 mm respectively. As the 

seven grooves show similar features, only one magnifying morphology of the 7th 

groove is shown to demonstrate the groove characteristics, as illustrated in Fig. 6 (b).    

 

Fig. 6 Groove morphologies obtained from the (a) 3D Zygo profiler and (b) SEM 
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4.2 Serrated chip features 

Chip morphologies of the seven grooves after machining are shown in Fig. 7. 

Continuous cutting chips could be clearly observed for all grooves after cutting 

process, which is attributed to the low cutting speeds in comparison to the high speed 

machining of Ti6Al4V with cutting speeds higher than several tens of meters per 

second at which condition discontinuous chips could be obtained in machining [41].   

 

Fig. 7 Continuous cutting chips obtained from grooves at cutting speeds of (a) 439.8 

mm/s, (b) 377.0 mm/s, (c) 314.2 mm/s, (d) 251.3 mm/s, (e) 188.5 mm/s, (f) 125.7 

mm/s and (g) 62.8 mm/s 

One continuous cutting chip is generally composed of a large number of small 

successive chip segments, as shown in Fig. 8. Typical serrated chips are observed for 

all grooves even at an extremely low cutting speed of 63 mm/s. However, the distance 

between two adjacent chip segments varies with grooves. Increase in cutting speed 

contributes to a distance reduction of two neighbouring segments. Besides, the contact 

width wi between the diamond tool and chip segments and segment height hi are 

different for various cutting chips, which could be measured from chip morphologies. 

The average values of wi and hi at the DoC of 5µm are listed in Table 1, which are 

1 mm
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calculated from at least twenty segments for each of cutting chip. The average 

measured thrust forces at the depth of 5µm with various cutting speeds are also given 

in the table.  

 

Fig. 8 Serrated chip morphologies of grooves at cutting speeds of (a) 439.8 mm/s, (b) 

377.0 mm/s, (c) 314.2 mm/s, (d) 251.3 mm/s, (e) 188.5 mm/s, (f) 125.7 mm/s and (g) 

62.8 mm/s 

Table 1 Experimental parameters for various microgrooves 

Grooves 1st 2nd 3rd 4th 5th 6th 7th 

𝑣𝑐(mm/s) 439.82 376.99 314.16 251.33 188.50 125.66 62.83 

𝑤𝑖(μm) 1.738 1.850 1.921 2.080 2.387 3.125 3.282 

ℎ𝑖(μm) 3.042 3.081 3.080 3.123 3.120 3.285 3.856 

𝜀𝑖̇×10-4 (s-1) 9.398 7.909 6.594 5.171 3.883 2.407 0.973 

Ft (N) 1.823 2.017 2.173 2.206 2.242 2.243 2.245 

4.3 Temperature evolution in micro groove cutting 

As the deformation of the workpiece is significantly affected by the temperature, 

it is meaningful to obtain the temperature during machining different grooves. 

However, the temperature of the deformation zone is difficult to be directly measured 

5 µm

(a) (b) (c) (d)

(e) (f) (g)
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in the machining process, so the evolution of temperature is estimated according to 

the geometry and physical models given in Section 3. Relevant parameters from 

previous research are tabulated in Table 2. 

Table 2 Parameters for models calculation 

Parameter Value Ref. Parameter Value Ref. 

𝜎0,𝛼 (MPa) 1078.6451 [34] 𝑞𝛽 1 [42] 

𝜀0̇,𝛼 (s-1) 1017 [34] 𝑝𝛽 0.4 [42] 

∆𝐺𝛼 (kJ·mol-1) 560.2436 [34] 𝛼𝑔 0.4544 [30] 

𝑞𝛼 1.1131 [34] 𝛼𝜌 0.5 [30] 

𝑝𝛼 0.3189 [34] 𝜌 (m-2) 1012 [30] 

𝜎0,𝛽 (MPa) 1200 [42] k (W·m-1·K-1) 7.0 [43] 

𝜀0̇,𝛽 (s-1) 2×1013 [42] 𝛼𝑎 (W·m-2·K-1) 100 [44] 

∆𝐺𝛽 (kJ·mol-1) 200 [42] 𝜌𝑚 (kg·m-3) 4.42×103 [45] 

Fig. 9 shows the calculated temperature at the primary deformation region of the 

seven microgrooves. The average temperature almost shows linear elevation from 150 

to 600 °C with the cutting speeds increasing from 62.83 to 439.82 mm/s.  
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Fig. 9 Temperature evolution with cutting speed in the machining of Ti6Al4V alloys 

Though the temperature increases with cutting speeds, the highest temperature is 

estimated to be about 641.78 °C, which is quite below the β phase transformation 

temperature (about 994 °C) of the Ti6Al4V alloy [35]. Therefore, β grains might 

coarsen with the increasing of temperature due to the obtained energy, but no phase 

transformation from α to β phase was expected to occur in the machining of all 

grooves.  

The microstructure obtained from the serrated chip and microgroove of the 

seventh groove verifies that no phase transformation occurs during the machining 

process, as shown in Fig. 10 (a)-(d). Fig. 10 (c) and (d) show the microstructures 

obtained from the magnifying morphology (rectangular mark) in Fig. 10 (a) and from 

the seventh grooves, respectively. It is seen that both microstructures are also 

composed of the α phase and β particles, and no secondary α phase or lamellar α 

phase transformed from the β phase is observed in the morphology, which 

demonstrates that no phase transformation from (α + β) to the single β phase occurs 

during the groove machining process. By comparing Fig. 10 (a) and (b), numerous 

reticulate patterns are observed in the free surface of serrated chips, which are 
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supposedly induced by the erosion of many serrated chip segments after chemical 

etching. 

Furthermore, the average size of β particles in the serrated chips is much smaller 

in comparison to the original microstructures, while the β grains in the groove surface 

were coarsened. In the machining process, chips are usually experienced high strain 

and strain rate, so grains are likely to be smashed into small grains [46]. Besides, a 

large number of dislocations induced by the severe plastic deformation could be 

accumulated in the serrated chips, and recrystallization of grains is likely to occur 

with the cutting temperature increase. Grain refinement in the cutting chips has been 

observed in the machining of copper, aluminium and titanium alloys [47-49]. 

However, grain growth instead of refinement of the β phase is obtained in the groove 

surface due to the increase of temperature, which is in agreement with the Eq. (20) 

that the volume fraction of α phase decrease but β phase increases with the 

temperature. 
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Fig. 10 SEM morphologies of the (a) free surface and (b) machined surface of the 7th 

serrated chip after chemical etching; microstructures from (c) the magnifying free 

surface marked in (a) and (d) the seventh groove after machining.  

4.4 Cutting force verification 

Fig. 11 (a) compares the cutting forces of the seven grooves from the 

measurement and models. Error bands of the measured and calculated cutting forces 

are given by the pink and green shadow areas, respectively. Both results indicate that 

the cutting force slightly increases with the cutting speeds. The average forces rise 

from about 2.38 to 2.55 N and from about 2.34 to 2.64 N for the measurement and 

calculation, respectively. Hence, the error of the models is in a range of 3.53 %. 

Besides, the calculated results from the model are in good agreement with the 

experimental forces at cutting speeds smaller than 251.33 mm/s, while the calculated 

forces show slight large values at high cutting speeds.  

The contribution to the cutting forces is shown in Fig. 11 (b). It is seen that the 

normal force contribute significantly to the cutting force, which accounts for more 

than 60 % of the cutting force for all grooves. Especially for the seventh groove with 

a cutting speed of 439.82 mm/s, the percentage could reach as high as 73.51 %. In 

contrast, the frictional force between the diamond tool and serrated chips contributes 

little to the cutting force in machining all microgrooves. 
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Fig. 11 The cutting force evolution and contributions to the cutting force with the 

cutting speeds, (a) Measured and calculated cutting forces and (b) contributions of 

normal and frictional forces to the cutting force at various cutting speeds 

According to Eq. 6, the generation of the normal force is mainly attributed to the 

internal force to overcome the shear deformation of the Ti6Al4V workpiece. The 

internal force and equivalent stress at various cutting speeds are illustrated in Fig. 12, 

which show upward trends with the cutting speeds at the same DoC of 5 μm. The 

equivalent stress increases from about 410 to 660 MPa as the cutting speed rises from 

62.83 to 439.82 mm/s. The temperature increase with the cutting speeds and an 

increase of temperature usually results in a reduction of plastic deformation resistance, 

so the sum of thermal and athermal stresses required to overcome plastic deformation 

should be reduced with the speeds. However, the equivalent stress in machining not 

only includes thermal and athermal stresses but also contains a dislocation drag stress 

based on Eq. 11. The sum of thermal and athermal stress indeed decreases with the 

cutting speeds, while the dislocation drag stress gradually increases with the cutting 

speeds due to the significant elevation of strain rates in machining, as shown in Fig. 

12 (c). Therefore, the equivalent stress gradually increases with the cutting speeds.  
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Fig. 12 Internal forces and stresses evolution with the cutting speeds, (a) internal 

forces, (b) equivalent stresses and (c) stresses attributed to the thermal, athermal and 

dislocation drag stresses 

4.5 Material spring back analyses 

4.5.1 DoC effects on material spring back 

As the DoC is gradually increased to 5 µm, the width of a certain groove should 

also vary with depths for the groove being machined by the circular diamond cutting 

tool. Six groove widths ranging from 100 to 200 µm with an interval of 20 µm are 

used to explore the effects of DoC on material spring back. Since the cutting grooves 

show similar features, the middle groove (the 4th groove) is selected as an example to 

analyze the depth influence on spring back behaviour.  

Fig. 13 (a) illustrates the ideal profiles of the cutting grooves at widths from 100 
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to 200 µm, corresponding to ideal depths of 1.125, 1.620, 2.205, 2.881, 3.648, 4.506 

µm, respectively. Fig. 13 (b) shows the measured groove profiles at the same widths. 

The profiles show slightly fluctuation due to the unavoidable waviness on diamond 

cutting edges induced by the fabricating process [16]. The material spring back would 

contribute to shallow groove depths in comparison to the ideal depths, and values of 

measured depths at groove widths from 100 to 200 µm with an interval of 20 µm are 

about 0.724, 1.214, 1.793, 2.152, 2.526, 3.359 µm, respectively. Fig. 13 (c) shows the 

differences between the ideal and measured depths of cut at various groove widths. It 

is clearly seen that the difference increases slightly at DoC smaller than about 2.205 

µm, and then increases significantly to about 1.124 µm at depths of cut greater than 

3.648 µm. This indicates that the amount of material spring back shows an upward 

trend with the increasing of depth. Increase in DoC could induce more deformation of 

the workpiece, giving rise to more elastic deformation accumulated in the cutting 

zone. Hence, the spring back amount is higher at large depth. This is similar to the 

situation in sheet metal bending process that the spring back angles rise with bending 

angles if other parameters are the same [4, 50]. In addition, the reduction of Young's 

modulus with temperature is small at low DoC, so the spring back amount has little 

different. However, the Young's modulus reduces significantly at the large depth 

because of an obvious temperature increase, as shown in Fig. 13 (d). Besides, the 

large increase of DoC results in more heat accumulated in the cutting regions due to 

the low thermal conductivity of titanium alloy workpiece, giving rise to significant 

temperature rise in the deformation zone, which also contributes to high spring back. 
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Fig. 13 Cross-sectional profiles for the (a) ideal and (b) measured groove surfaces; (c) 

differences between the ideal and measured depths at various groove width, and (d) 

influence of temperature on the Young's modulus 

4.5.2 Cutting speed effects on material spring back 

Fig. 14 compares profiles of the seven ideal and measured grooves at various 

radii with the same DoC of 5 μm. The profiles are not fully symmetrical along the 

curve centre due to the tool setting error, but it has no effect on analyzing the material 

spring back which could be clearly observed by comparing the depth difference 

between ideal and measured curves. As shown in the magnifying figure given in Fig. 

14 (a), the measured depth gradually increases with the radius, which indicates that 

the amount of spring back shows a downward trend with the increasing of cutting 

speeds. Fig. 14 (b) shows the height differences between the measured and ideal depth 

of the seven microgrooves with various cutting speeds. Increase in cutting speed 

could result in a low spring back amount at the same DoC of 5 μm, which is in 

-150 0 150
-6

-4

-2

0

 

 

 

 

 100 m

 120 m

 140 m

 160 m

 180 m

 200 m

Distance (m)

H
ei

g
h

t 
(

m
)

(a)

-6

-4

-2

0

 

(b)

 100 m

 120 m

 140 m

 160 m

 180 m

 200 m

150-150 0

H
ei

g
h
t 

(
m

)

 

 

Distance (m)

100 120 140 160 180 200
0.2

0.4

0.6

0.8

1.0

1.2 (c)

 
d

0
-d

 (


m
)

 

 

 

Groove width (m)
0 150 300 450 600 750

80

90

100

110

120 (d)

 

Temperature(C) 

 

 

E
 (

G
P

a)



32 
 

accordance with the variation of materials spring back forces at different cutting 

speeds. In other words, a minor amount of material recovery corresponds to a small 

spring back force. 

Based on Eq. (1), the thrust force is primarily determined by the spring back 

force, two frictional forces, the normal force, the front clearance angle and equivalent 

contact angle. Fig. 14 (d) compares different terms in Eq. (1) contributing to the thrust 

force evolution. It is seen that more than 45% of the thrust force is derived from the 

spring back force, and the fraction increases with the decreasing of cutting speeds. 

About 63.74% of the thrust force is induced by the spring back force at the smallest 

cutting speed of 62.83 mm/s. The left is from the two frictional forces and normal 

force by considering the front clearance angle and equivalent contact angle. Therefore, 

the spring back force is one of important part on the contribution of the thrust force in 

ultraprecision machining of Ti6Al4V alloys. 

 

Fig. 14 Cutting speed effects on material spring back, (a) cross-sectional profiles of 
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seven cutting grooves and the ideal groove; effects of cutting speeds on (b) spring 

back amount and (c) spring back forces; (d) four factors contributing to the thrust 

force at various cutting speeds 

5. Conclusion 

The material cutting forces and spring back behaviour of the Ti6Al4V alloy are 

theoretically and experimentally investigated in ultraprecision machining of seven 

microgrooves with respect to material constitutive models and geometrical 

relationship, and conclusions are drawn as follows: 

(i) Continuous serrated chips could be observed at cutting speeds ranging from 63 

mm/s to 440 mm/s, and the height and width of serrated chip segments significantly 

vary with cutting speeds.  

(ii) The cutting temperature is predicted to be increased with the increasing of cutting 

speeds. The largest estimated temperature could reach about 641.78 °C at the speed of 

440 mm/s, which is lower than the β phase transformation temperature. This indicates 

that no phase transformation from α to β phase was expected to occur in the groove 

machining process, which was verified by the phase composition in the seventh 

cutting chip and groove after machining. 

(iii) The average experimental and modelled cutting forces increase from about 2.38 

to 2.55 N and from about 2.34 to 2.64 N, respectively. Hence, the calculated results 

from the model are in good agreement with the experimental forces within an error of 

about 3.53 %. Though the temperature rising with the cutting speeds could reduce the 

thermal and athermal stresses, the equivalent stress to overcome plastic deformation 
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increases with the cutting speeds due to the enhanced dislocation drag stress.  

 (iv) Increase in DoC and decrease in cutting speed would result in more material 

spring back during micro groove machining due to the evolution of the Young's 

modulus and spring back force. Besides, though the thrust force is affected by spring 

back force, frictional forces and the normal force, more than 45% of the thrust force is 

contributed from the spring back force. 
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